1. The efficient repair of gastrointestinal mucosal injuries is essential in the preservation of the epithelial barrier to luminal antigens. Accumulated evidence suggests that epithelial migration plays a major part in this repair by rapidly resealing defects induced by both physiological and pathological insults, a process termed restitution. 2. This migration has been modelled in various ways, most commonly in mechanically wounded monolayers of cell lines or cells in primary culture, and in wounded human or animal tissue. Evidence from these models indicates that migration is a highly complex process, which is likely to involve the tightly controlled spatial and temporal interaction of multiple factors: (i) extracellular molecules such as soluble factors (e.g. growth factors, trefoil peptides, cytokines) and matrix components (e.g. collagen, laminin, fibronectin); (ii) signalling molecules activated by the interaction of these factors with cell surface receptors (e.g. protein kinases, phospholipases, low-molecular-weight GTPases); (iii) factors which regulate adhesion to other cells (e.g. E-cadherin) and to matrix components (e.g. integrins, hyaluronic acid receptors); (iv) factors which regulate detachment from the extracellular matrix (e.g. urokinase-type plasminogen activator, matrix metalloproteinases); and (iv) molecules which regulate cytoskeletal function (e.g. Rac), which allows the formation of specialized cellular processes termed lamellipodia. 3 . The identification of physiologically relevant factors that stimulate epithelial cell migration, and a better understanding of their mechanism of action, may be beneficial in the development of novel therapeutic approaches in diseases such as inflammatory bowel disease through the pharmacological or dietary enhancement of this migration.
I . INTRODUCTION
The epithelium of the gastrointestinal tract is a major interface between the external environment and the internal milieu. A variety of physiological and pathological factors are known to disrupt this epithelial barrier. A possible consequence is the exposure of luminal macromolecules with proinflammatory properties to the mucosal immune system. Efficient repair of epithelial breeches induced by these factors may, therefore, be important for the prevention, or resolution, of inflammation. When the injury is confined to the mucosa, the first response is the rapid induction of epithelial migration. While there have been recent reviews concerning this topic, they have been relatively brief, concentrating on more specific points of interest [l-31. A review encompassing all the recent developments in understanding this vital response has not been forthcoming. This review aims to correct that situation. It will identify areas of continuing controversy, but will also present an overview of the work done in models of cellular wounding that have assisted in increasing understanding of the factors that control cell migration. Finally, the role that cell migration plays in the maintenance of homeostasis and implications for pathological states, such as inflammatory bowel disease, will be addressed.
MUCOSAL REPAIR IN THE COLON
The repair of mucosal injuries anywhere throughout the gastrointestinal tract is a biphasic process. In order to restore mucosal barrier function, the rapid onset of epithelial migration, termed restitution, is followed by a regenerative phase. The time course of this repair depends greatly on the severity and tissue depth of the injury. Injuries confined to the epithelium are resealed within only a few hours, a time course that obviates cell proliferation architecture [6] . Injuries that penetrate the submucosa are healed by a similar mechanism, except that it may take a period of months because of the need to develop tensile strength by extensive connective tissue reorganization.
I Restitution
In 1985, Silen and Ito [7] defined restitution in terms of the ability of the gastric mucosa to rapidly repair minor epithelial injury, and suggested that it may be an overlooked component in the maintenance of gastrointestinal health. Although certain investigators had noted this phenomenon on previous occasions [8, 91 , the majority of experimental studies of wound healing before this time concentrated on the healing of surgical incisions. Because of the harsh acidic luminal environment, its exposure to various drugs and foodstuffs, and the clinical problems of gastric ulceration and erosions, the gastric mucosa has received the most attention with respect to restitution. The colonic mucosa is also exposed to a variety of noxious stimuli (section 2.2), leading to studies which have identified restitution as a relevant repair mechanism in the rat [lo] and human [4] colon. The events involved in restitution, as well as regional and species variations, have been well characterized by light and electron microscopy [ll] . Within minutes after physical or chemical injury, cells adjacent to the denuded region flatten and extend specialized cell processes (lamellipodia) across the exposed stroma. By virtue of the processes described in section 4.2, they migrate across the wound surface linked to the cells behind them, as illustrated in Figure 1 . Therefore, cells migrate from all directions as a linked sheet to resurface these epithelial defects. The migrating cells are protected by a necrotic layer consisting of dead cells, plasma exudate, mucus, fibrin and possibly trefoil peptides. The presence of this layer is essential, since its removal by forceps or mucolytic agents impairs restitution [12] . Another factor that appears to assist the process is the reduction of the area required for resurfacing, mediated by contraction of subepithelial myofibroblasts [13] and possibly by tractional forces generated by the epithelial cells themselves [14] .
The basal lamina is a connective tissue framework that resides directly underneath epithelial cells and acts as a scaffold for migrating cells. A commonly used method to differentiate between superficial and deep mucosal injury is the disruption of the basal lamina. If the basal lamina is intact, restitution can resurface the entire epithelium within 2-5 h [9, 15] . Therefore, continuous contact between the migrating cells and basal lamina is required for the most rapid type of repair. This is illustrated in an elegant study in gastric biopsy samples taken from people who had ingested ethanol [16] . Forty-five minutes after exposure, restitutionwas evident in regions with an intact basal lamina, but not at sites of focal haemorrhage, congestion or ischaemia. However, the study was terminated after 4 h and it is possible that restitution may have been observed over these regions at later time points. Evidence from a number of studies suggests that when the basal lamina is damaged, migration is delayed, but still occurs before cell proliferation would be expected to take place (9-12 h) [8, 171. This suggests that restitution is a mechanism relevant for the repair of both superficial and deeper mucosal erosions. The migration of flattened epithelial cells occurs in response to duodenal and gastric wounding in rat models of mucosal ulceration, suggesting that restitution is also important for the initial resealing of mucosal ulcers [61-
Restitution and barrier maintenance
The colonic epithelium acts as a barrier to the passive, uncontrolled, permeation of luminal macromolecules with toxic, antigenic, immunoadjuvant and chemotactic properties. The components of this barrier have been described elsewhere (reviewed in [MI). Epithelial denudation is likely to result in the exposure of these macromolecules to the mucosal immune repertoire, which almost invariably leads to mucosal inflammation [19] . Restitution, therefore, can be viewed as a functional component of barrier maintenance, a concept which is illustrated in Fig. 1 . This is significant because there is likely to be ongoing superficial damage to the colonic mucosa under normal physiological conditions. Direct evidence for this phenomenon is limited, although the resealing of membrane disruption is known to be a common event in the intact gut [20] . Examples of potentially injurious stimuli include exposure to luminal factors such as phenols, surfactants, ammonia and sulphides, and the physical trauma associated with the passage of luminal contents along the colon. Another possibility is that, as part of normal cell turnover, epithelial cells may be exfoliated in sheets [21] . This is supported by DNA fragmentation studies in human and rat intestinal mucosa, which demonstrate a cluster arrangement for breaks in DNA [22] . The epithelium may also be wounded by pathological stimuli, such as drugs or radiation, and by the products of immune and inflammatory processes. The major role that restitution plays in the reestablishment of barrier function is to allow the reformation of tight junctions between cells. Tight junctions regulate the paracellular permeation of macromolecules, which is the major path of passive solute flow. Restoration of tight-junction function after injury has been assessed experimentally by measuring the recovery of electrical parameters such as tissue conductance and potential difference, by permeation of macromolecules across the epithelium and by the transepithelial passage of bacteria. A close correlation between the recovery of morphological integrity and that of electrical parameters has been observed in some studies [e.g. 151, but not in others [e.g. 41 . The disparity of results may reflect the fact that tissue is often mounted in Ussing chambers and that mucosal viablity slowly deteriorates over time. There has been, in general, a closer correlation when restitution is rapid. In deeper injuries, where restitution is delayed, the loss of potential difference is due to damage penetrating deeper than the epithelium [23] , and the reappearance of the tight-junction protein, ZO-1, is delayed compared with histological recovery [24] . It is also possible that morphological examination may not reveal small defects in the epithelium that are manifest using functional measurements of epithelial integrity.
MODELS OF RESTITUTION
In order to identify factors that control restitution, systems that model its characteristic migration have been developed. In vivo studies have yielded limited information because of the difficulty in developing specialized operational techniques and the confounding effects of inflammation, which is induced by the influx of proinflammatory luminal molecules. Relatively more simple assays are available. These include ex vivo Ussing chamber models and in vitro models using tissue explants or gastrointestinal cells in primary culture, as well as cell lines derived from normal or cancerous tissue.
I Ex vivo models
In isolated mucosa mounted in Ussing chambers, restitution can be elicited by wounding with various irritants, such as surfactants, hydrochloric acid and ethanol. A factor of major significance is the reproducibility of the wounding produced. Extensive preliminary work to define appropriate reproducible conditions for the tissue being studied is necessary. In this regard, a recently described model using cyanoacrylate adhesive to denude surface epithelium has potential advantages in both its apparent simplicity and reproducibility [25] . Even though it was used in vivo in marsupialized rat colonic loops, it is also likely to be successful in Ussing chamber studies. This method is similar in principle to a method described 9 years earlier, where a gelatincoated slide was used to denude rectal epithelium in vivo [26] .
An additional issue relates to the declining viability of tissue ex vivo and the problems associated with it. Ideally, restitution should be completed before the tissue begins to lose viability. However, because the migration is so rapid in these systems, the lag time associated with the onset of action of both accelerants and inhibitors may result in observations contrary to current knowledge. For example, the protein synthesis inhibitor, cycloheximide, does not affect the progress of restitution over 4 h [27, 281, but does when the process is delayed [28] . There are several lines of evidence which suggest that synthetic activity is intimately involved in the initiation and propagation of migration (sections 4.1 and 5.1). Although an increasing body of work is accruing using these systems, it cannot match the veritable explosion in information derived from in vitro models of cell migration.
In vitro models
Models of single-cell locomotion, such as chemotaxis and invasion assays, are not representative of the sheet migration characteristic of restitution. This has led to the development of wounding models utilizing mechanically wounded confluent monolayers of gastrointestinal epithelial cells. These offer the advantage of permitting the direct examination of the action of modulating agents on migration. Consequently, they have identified a wide array of factors that stimulate or inhibit migration and also provided some clues in unlocking the mechanism by which cells migrate. The role that cell proliferation plays in the repair of these wounds is central to their applicability as models of epithelial migration. How-ever, multiple lines of evidence suggest that proliferation plays only a minor role. Basal and stimulated wound repair is unaffected by pretreatment with DNA synthesis inhibitors such as mitomycin C [29-311, and begins within a time frame inconsistent with increased proliferation. Furthermore, immunohistochemical staining demonstrates only mildly increased proliferative activity 24 h after wounding [32] . This suggests that migration is the dominant force mediating wound repair in the first 24 h. However, at later time points, it is likely that proliferation will play a larger role.
A variety of migration assays have been described over the past 5 years, involving the mechanical denudation of confluent monolayers with a rotating silicon [32] or teflon [29] tip and vacuum suction [33] to create circular wounds, and a razor blade to create linear wounds [30] . Another system utilizes the removal of a teflon 'fence' to elicit outwards radial migration from a central circle of cells without direct injury to the monolayer [31] . A major limitation of this model is the long period of culture (6 days) before migration is assayed. The migration evident in circular wounds, from all orientations towards the centre, is likely to be a better model of the events seen in the repair of mucosal erosions. Another advantage of these circular wounding models lies in the quantification of migration. The diameter, or area, of the cell-free region can be measured without marking the original wound edge. In the razor-blade wounding assay, migration is quantified as the number of, or area covered by, cells migrating past an initial scratch. Scratching of the substratum inhibits the movement of cells with low basal migratory rates (A. Wilson, unpublished work), suggesting that this method may not be suitable for all cell types. Furthermore, it has been reported that such scratching actually removes matrix components, as assessed by immunolocalization studies [34] .
Major limitations of this work are the cells used to assay migration and the substratum over which they migrate. Cell lines can never be considered 'normal' and often originate from cancerous tissue. Most of those used are poorly differentiated (e.g. IEC-6 cells), suggesting that they cannot undergo the same processes as polarized epithelial cells during restitution (section 2.1). Exceptions are two well-studied colon cancer cell lines, Caco-2 and T84, which are able to spontaneously differentiate to a well-differentiated phenotype and also express tight junctions. However, the signalling pathways in neoplastic cells may be different to those in normal cells, suggesting that results in cancer cell lines need to be interpreted with caution. To overcome these problems, epithelial cells in primary culture have been used, but this has only been successfully applied to the stomach [32, 351 . Nevertheless, these cells are not truly representative of the situation in vivo because of the loss of their normal spatial arrangements, while the isolation process itself may alter their synthetic and secretory profile. Epithelial cells in vitro have been grown on purified matrix components found in basement membranes, such as laminin, fibronectin and type IV collagen, and the connective tissue matrix, matrigel. Even though the latter is closest in character to an artificial basement membrane, the migration of cells over any tissueculture substratum remains unrepresentative of the physiological situation. The use of resected colonic mucosal explants has also been described [36] , which, of the cells described in this section, most closely model intestinal epithelium. This model allows the three-dimensional aspects of the interactions of normal colonic epithelial cells with their own matrix to be retained in an in vitro setting.
THE PROCESS OF CELL MIGRATION

I The initiation of migration
The processes involved in the initiation of migration remain poorly understood, although a number of factors are likely to play a role ( Figure 2 ). First, after mechanical wounding of cell monolayers in vitro and rat gastric mucosa in vivo, cells remaining at the edge of the wound sustain and repair plasma membrane disruptions, and then migrate into the denuded area [20] . While not explicitly stated by the authors, it is possible that disruption of the plasma membrane may be a stimulus for migration. Possible mechanisms could include the release of soluble factors into the extracellular environment, which may act as a primary wound signal to initiate migration [37] , or the activation of signalling pathways through cytoskeletal disruption. Evidence supporting the latter is limited, although one study demonstrated that disruption of the cytoskeleton induces expression of a protein commonly involved in migration, the urokinase receptor (u-PAR) [38] . Secondly, another consequence of epithelial injury may be the alteration to the cells' environment. This could involve changes in the organization of the surrounding extracellular matrix or loss of adjacent epithelial cells, which may release cells from contact inhibition. Such changes are detected by the major regulators of cell-cell and cell-matrix contact, E-cadherin and the integrins respectively (section 5.2). A detailed analysis of the signalling events involved in the initiation of migration is beyond the scope of this review, although the involvement of key mediators will be briefly discussed in section 5.3. A common feature of the response to wounding of a number of cell types is the early upregulation of so-called 'immediate response genes', such as c-fos and cjun (reviewed in [39] ). The products of these genes are transcription factors, which regulate the expression of a number of genes encoding for proteins involved in migration. Thus, it appears likely that the cellular response to wounding involves multiple rounds of both transcription and translation, which is supported by evidence in v i m . The inhibi- 
The propagation of migration
In the past few years, substantial progress has been made in understanding the events involved in cell migration and the molecules that regulate them. These recent advances are summarized in Fig. 3 and described in detail below. It is known that migration results from the tightly controlled interaction of multiple factors that encompass changes in the thermodynamic and mechanical profile of the cell (reviewed in [41] ). The movement of cells across a denuded substratum requires the interaction of soluble factors and their receptors, the signalling elicited by this interaction and the subsequent biochemical changes which alter actin polymerization, allowing lamellipodial extrusion. Atomic force microscopy of the lamellipodia of migrating cells has demonstrated that this is dependent upon the calcium-dependent turnover of plasma membrane components at the leading edge of migration [42] . This turnover is thought to assist in locomotion by providing a fresh source of receptors for matrix components and motogenic factors, which are recycled from the opposite pole of the cell from which the lamellipodium extrudes [43] . The importance of the cytoskeleton has been demonstrated by studies which show that the microfilament inhibitor, cytochalasin [27, 36, 401 , and the microtubule inhibitor, colchicine [36] , inhibit migration. Adhesive interactions between the cell and its substratum occur at focal adhesions. The traction generated at these sites acts as a fulcrum about which the cell body moves forward by cytoskeletal contraction. A novel mechanism, involving the binding of integrins to rearward moving cytoskeletal components, has recently been described for this phenomenon [44] . Whole-cell translocation is achieved when this is coupled with the release of adhesions at the rear of the cell, mediated by proteolytic enzymes such as urokinase (u-PA). The molecular mechanisms involved in the generation of the forces required for cell movement have been reviewed in detail elsewhere [45] .
THE CONTROL OF CELL MIGRATION
In the past few years, a large number of factors have been found to modulate migration in the various models of gastrointestinal epithelium, and many of these are listed in Table 1 . These include factors external to the cell which interact with membrane-bound receptors, such as soluble factors and extracellular matrix components, and pharmacological agents which have provided clues about the mechanisms by which cells migrate.
I Soluble factors
Soluble factors are likely to be derived from multiple cellular sources. Epithelial cells, endothelial cells, bacteria and lamina propria cells adjacent to, within, or migrating through, the epithelium are all likely candidates. These factors may influence cell migration either in solution or when bound to matrix components. For example, growth factors such as basic fibroblast growth factor (bFGF) and transforming growth factor-/3 (TGF-P) bind to heparin.
Growth factors.
The importance of growth factors in regulating the. response to wounding is suggested, first, by their upregulation in wounded monolayers [30] and, secondly, by the fact that exogenous application of bFGF and acidic FGF (aFGF), TGF-P, platelet-derived growth factor, epidermal growth factor (EGF), hepatocyte growth factor (HGF), transforming growth factor-a (TGFa), insulin-like growth factor-1 (IGF-1) and keratinocyte growth factor (KGF) stimulate the migration of a wide range of gastrointestinal epithelial cells, both normal and neoplastic. The effects are, however, dependent upon the cells being studied and the nature of the substratum. In a limited number of undifferentiated small intestinal cell lines, TGF-P has been identified as a key regulator of migration. In IEC-6 cells, the stimulatory effects of EGF, TGFa, HGF and FGF on migration over a plastic substratum are all dependent upon TGF-P [46, 48, 491, while it also mediates the stimulatory effect of phorbol esters, which activate protein kinase C, over a range of substrates in IEC-18 cells [57] . However, work in other models of gastrointestinal epithelium utilizing differentiated cells has raised significant doubts about the actual role that TGF-P does play. In colon cancer cell lines, EGF is the most potent of known motogenic growth factors, while TGF-/3 has only a mild stimulatory effect [29] . Furthermore, in cultured gastric mucosal cells, TGF-j3 has no effect on migration [47] and HGF has been identified as their most potent motogenic growth factor [35].
Trefoil peptides.
The trefoil peptides are a family of polypeptides that are characterized by the so-called 'trefoil' domain: a triple-loop structure dependent upon three disulphide bonds. Members of the family differ in the number of trefoil domains and in their primary location within the gastrointestinal tract. pS2 and spasmolytic polypeptide (SP) are predominantly found in the gastric mucosa, whereas intestinal trefoil factor is localized to the small and large intestines [70] . Trefoil peptides are upregulated in response to gastric mucosal injury [71] . Their function remains uncertain, but this finding suggests a role in the reestablishment of mucosal integrity after wounding. This has been supported by a number of studies in vitro. SP and intestinal trefoil factor stimulate the migration of IEC-6 cells by a TGF-j-independent mechanism, an effect which is synergistic with mucus glycoproteins [52] ; HT-29 cells, where they synergize with EGF [53, 72] ; and in other colon cancer cell lines, such as LIM1215 [29] . The cell-surface molecules with which they interact to exert these effects have, to date, been poorly characterized.
Nutrients.
A number of factors utilized for the generation of energy, or for other key metabolic functions, stimulate migration. These include the following.
Short-chain fatty acids. In the large bowel, short chain fatty acids (SCFAs) are particularly relevant. Acetate, propionate and butyrate are the major SCFAs produced in the colonic lumen after bacterial fermentation of carbohydrate. Produced in high amounts, they exert several physiological effects on the colonic epithelium, such as mediating ion absorption, while butyrate is their preferred energy source [73] . It has recently been established that acetate, propionate and butyrate stimulate migration in colon cancer cell lines of varying differentiation, independently of TGF-j [29] . Preliminary experiments have revealed that this effect is more likely to be mediated through the upregulation of a motogenic factor, rather than simply by improving the cellular energy state. Butyrate is able to stimulate migration even when its j-oxidation is inhibited by sulphur-containing compounds [29] . Whether this effect of SCFAs also applies in vivo remains to be established. A study using rat colonic mucosa wounded with hydrochloric acid failed to demonstrate a stimulatory effect of butyrate on restitution [lo] . However, the duration of exposure to butyrate was less than that used in vitro and was applied at a considerably higher, possibly toxic, concentration.
Glutamine. Glutamine is a major energy source for small intestinal epithelial cells and stimulates restitution in wounded rat colonic mucosa by unknown mechanisms [lo] .
Polyamines. The polyamines are thought to play an important role in cell migration. The suppression of IEC-6 migration mediated by inhibition of ornithine decarboxylase, the enzyme controlling the rate-limiting step in polyamine biosynthesis, is reversible by the exogenous application of polyamines such as spermine and putrescine [55] . Possible roles that polyamines may play include their function as physiological substrates for the transglutaminases, which may augment migration through the crosslinking of cytoskeletal proteins and/or extracellular matrix components, or via specific modulation of gene expression. For example, polyamines regulate the expression of TGF-P in IEC-6 cells [74] . Adenine nucleotides. The adenine nucleotides, ATP and ADP, stimulate the migration of IEC-6 cells through a TGF-P-dependent mechanism [56] .
InJlarnrnatoly cytokines.
Traditionally, the part that these cytokines play in intestinal repair has been considered to be the modulation of immune and inflammatory responses. However, their possible direct role in the regulation of epithelial migration has recently been appreciated by virtue of several studies in vitro. Epithelial cells are known to express receptors for a number of cytokines and secrete them in response to the appropriate stimulation (reviewed in [18] ). Interleukin-8 (IL-8) is a potent neutrophil chemoattractant and may play a similar role in epithelial cells [75] . Isolated colonic epithelial crypts are known to produce IL-8 as a response to their isolation and culture [76] , which is a potentially significant finding given its effects on the promotion of cell motility. In wounded IEC-6 monolayers, IL-2, interferon-y and IL-1P stimulate IEC-6 migration through TGF-P, but IL-6 and tumour necrosis factor-a have no effect [46, 541. In contrast, IL-4 and IL-10 inhibit the migration of colon cancer cells, suggesting that these cytokines may play a role in the perpetuation of epithelial injury [58] .
5.1.5 Others. Nitric oxide [64] and the neuropeptide, calcitonin gene-related peptide [65] improve gastric restitution after injury. Their direct effects on intestinal epithelial restitution have not been established, although a possible role for nitric oxide is suggested by one study. Its precurser, L-arginine, improves intestinal epithelial migration after ischaemic damage in rats [66] . A possible mechanism of action of neurotransmitters may be the upregulation of trefoil peptide secretion, as has been demonstrated in HT-29 colon cancer cells [77] .
Whether all these factors play a role in regulating migration in vivo is unclear. It is possible that the effects of some of these factors are epiphenomenological, due to their unimpeded access to cellular membranes in vitro. Access to epithelial cell membranes in vivo may be limited by, for example, the rapid time frame in which restitution occurs and the possible blocking effects of mucus. From a teleological viewpoint, the interaction of a vast number of factors to regulate restitution would not seem the most efficient way to mediate repair, unless they were acting to upregulate the activity of single factors that control migration. TGF-P has emerged as a putative unifying factor by virtue of the work described earlier. However, this is not supported by the contradictory findings in other cell types in vitro and the lack of direct evidence about its effects on migration in vivo.
The regulation of cell adhesion
The regulation of cell adhesion during migration involves the tightly controlled spatial and temporal interaction of factors that promote cell adhesion and those which cause cell detachment from the substratum. Multiple lines of evidence suggest this interaction does not occur in isolation, but rather is a part of the integrated response to cell injury. Key components include the following.
Integrins. The involvement of integrins, which are transmembrane aP heterodimers that recognize specific components of the substratum, in cell adhesion and migration has recently been reviewed [78] . Integrins localize at focal adhesions, along with cytoskeletal proteins and protein kinases such as focal adhesion kinase (FAK) [79] . Such an arrangement allows integrins to be the pivotal mediators by which the cell can detect, and respond to, changes in its environment. Motogens such as EGF [31] and TGF-P [62] are known to modulate integrin function.
Cadherins. Cadherins are calcium-dependent adhesion molecules that regulate homotypic cellcell adhesion, whose structure and association with cytoskeletal components via a-, P-and y-catenin has recently been reviewed [80] . Changing normal cadherin function has been associated with altered cell function. For example, overexpression of E-cadherin in the small intestinal epithelium of transgenic mice leads to a reduction in migration along the cryptvillus axis [Sl] . The motogenic effects of growth factors such as EGF [82] and also human SP [83] may involve an inhibition of normal cadherin function (see section 5.3).
Hyaluronic acid receptors. There are two receptors for the extracellular matrix constituent, hyaluronic acid (HA), the receptor for HA-mediated motility (RHAMM) and CD44. This interaction may be of relevance to gastrointestinal epithelial cells, since HA stimulates the migration of IEC-6 cells [40] . The ability of EGF to modulate cell adhesion and motility via the regulation of CD44 expression has been demonstrated recently [84] .
Proteolytic enzymes. The best characterized mediators of cell detachment are u-PA and matrix metalloproteinases. The involvement of these and other molecules involved in the regulation of proteolysis has been reviewed recently [85] . Although the proteolytic activity of u-PA has long been appreciated to be localized to the cell surface, through interactions with its receptor (u-PAR) [86] , recent evidence suggests that interaction with integrins may also localize matrix metalloproteinase activity in this way [87] . Recent studies suggest that alteration of integrin function and proteolytic activity may both be mechanisms by which components of the u-PA system mediate migration. Plasminogen activator inhibitor-1 inhibits the migration of smooth muscle cells by blocking the binding of vitronectin to the c@3 integrin, an effect independent of its inhibition of u-PA-mediated proteolysis [88] . Furthermore, the u-PAR associates with integrins to change their binding characteristics [89] . A variety of motogens, such as phorbol esters, EGF (A. Wilson, unpublished work) and butyrate [90] , markedly induce u-PAR expression in LIM1215 colon cancer cells.
There is a clear association between the strength of adhesive contacts and the process of migration [91] . It is therefore not surprising that changing the composition of the cell's substratum would alter its migration. Restitution in intact mucosa is dependent upon basement membrane proteins such as type IV collagen [67] and laminin [68] , while migration in vitro also varies with the substratum used [31] . Furthermore, the migratory response to exogenous factors, such as TGF-P, EGF [31] and phorbol esters [57] , but not SCFAs [29] , can be altered by the composition of the substratum. The cell itself has also been demonstrated to change the composition of its environment, which may underlie a mechanism by which soluble factors influence migration. A recent study has demonstrated that IEC-6 cells lay down their own matrix components, such as fibronectin and type IV collagen, and that the blocking of their interaction with the cells inhibited migration [34] . TGF-P, which stimulates IEC-6 migration as described earlier, upregulates the expression of these matrix proteins after wounding [34] , and is thought to promote gastric restitution through the deposition of basement membrane collagens [62] .
lntracellular mechanisms controlling migration
The intracellular events that control cell migration are highly complex and as yet remain incompletely understood. A detailed analysis of current knowledge about such events is beyond the scope of this review. At least five major classes of cell surface receptors are activated by factors known to modulate cell migration, as shown in Table 2 . The signalling events following the activation of integrins [92] , G-protein-coupled receptors [93, 941 , cytokine receptors (which lack intrinsic kinase activity) [95] and receptors with tyrosine kinase [95, 961 and serinehhreonine kinase activity [97, 981 have recently been detailed elsewhere. Most of the work described in the references above has been performed in cells of non-gastrointestinal origin. Although it would be expected that many important pathways are conserved, the identification of factors that specifically regulate signalling in intestinal epithelial cells is vital in increasing knowledge of all facets of their biology. A number of intracellular molecules have emerged as likely candidates in the regulation of the initial response to cell injury and/or in the resultant migration (Table 2 ). These include the following.
Protein kinases. Better established examples of protein kinases which influence migration include: the mitogen-activated protein kinases, which are activated by various cellular stressors and by many of the factors described above (reviewed in [39] ); FAK, a cytoplasmic tyrosine kinase which is recruited to focal adhesions in response to growthfactor binding and the activation of integrins [79] , and protein kinases A and C, whose activation respectively inhibits [60] and stimulates [57] the migration of IEC-18 cells.
Rho and Rac. These are members of the Rho GTPase family, which are involved in the remodelling of actin, the formation of lamellipodia (Rac) and the assembly of focal adhesions by regulating FAK function (Rho) (reviewed in [99] ). Selective inhibition of Rho induces an inhibition of the migration of IEC-6 cells [loo] .
Phospholipases. The regulation of phospholipid metabolism by phospholipases appears to be important in regulating migration. The products of arachidonic acid turnover, which is regulated by cytoplasmic phospholipase A2, mediate the spreading response in HeLa cells [loll, while the specific inhibition of phospholipase Cy suppresses the stimulatory effect of EGF on the migration of IEC-6 cells P-Catenin. There has been a considerable recent advancement in knowledge about the role p-catenin plays in the regulation of gene expression after activation of E-cadherin, and its role in regulating cell migration through interactions with the APC gene product (summarized in [103] ). Additionally, phos- [102] . Janus-associated kinaselsignal transducer and activator of transcription. Although the Janus-associated kinasehignal transducer and activator of transcription (JAKETAT) pathway is known to be activated by cytokines and certain growth factors [95] , there is no direct evidence at present that its components regulate migration.
IMPLICATIONS FOR THE PREVENTION OR TREATMENT OF DISEASE STATES
There are several diseases in which epithelial injury and consequent erosion or ulceration occur. Some are relatively common, such as inflammatory bowel disease (Crohn's disease and ulcerative colitis), while others are of considerable clinical concern, such as post-chemotherapy 'mucositis'. Impaired barrier function may lead to mucosal inflammation, depending upon the duration, extent and severity of injury. It is likely, then, that efficient and rapid repair of epithelial breeches is paramount in the prevention or limitation of mucosal inflammation and in the healing of ulcerated lesions. Interventions that hasten epithelial restitution and regeneration are likely therefore to have therapeutic and preventive benefit.
The identification of proteins that regulate the migratory process may ultimately lead to the pharmacological enhancement of restitution. The administration of specific activators of either the protein itself, or the gene controlling it, is theoretically possible, given that issues such as tissue specificity, stability in vivo and cell uptake are resolved. In the meantime, however, the search for novel ways to enhance restitution in a clinical setting will concentrate on the identification of physiologically relevant factors that promote it. It is reasonable to expect that many of the factors which stimulate epithelial migration in vitro and in isolated mucosa exert similar effects in vivo. Several of these factors (e.g. butyrate, EGF, TGF-/3, IGF-1, KGF) are known to reduce inflammation in experimental injury models, such as chemically induced or radiation colitis. However, it is not possible to distinguish between effects on migration from those on regeneration, since most of these factors augment the regenerative response.
CONCLUSIONS
The importance of cell migration in the reestablishment of epithelial integrity after physiological and pathological insult suggests that its enhancement in a clinical setting is of considerable importance in gastrointestinal diseases characterized by epithelial erosion or ulceration, such as inflammatory bowel disease. However, before this is possible, much work remains in order to identify physiologically relevant compounds which enhance migration in vivo, to fully understand all relevant aspects of their biology and to define the molecular mechanisms by which they modulate migration. At present, however, most of the current knowledge about migration has emanated from cell lines, results which need to be viewed with caution. Issues such as the suitability of the cells as models of gastrointestinal epithelium, the substratum over which they migrate and technical problems with the models themselves have yet to be satisfactorily resolved. Notwithstanding this, considerable progress has been made in defining key mediators of migration, which has led to the recognition that it requires the tightly controlled interaction of multiple cellular components. Allied with the continued use of more sophisticated techniques, such as antisense oligonucleotides, transfection and transgenic animal technology, as well as the development of specific modulators of key intracellular molecules, these models of restitution will provide further clues into unlocking the mechanisms by which cells migrate.
